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Sca l i ng  up t o  t h e  commercial-s ize,  6,000-ton-per-day, coa l  d i s s o l v e r  t h a t  w i l l  
be i n s t a l l e d  i n  t h e  S R C - I  Demonstrat ion P l a n t  w i l l  be based on da ta  f rom smal ler  
d i s s o l v e r s  i n  t h e  p i l o t  p l a n t s  a t  W i l s o n v i l l e ,  Alabama and F t .  Lewis, Washington. 
A t  W i l s o n v i l l e ,  researchers have known f o r  severa l  yea rs  t h a t  m i n e r a l - r i c h  s o l i d s  
accumulate i n  t h e  d i s s o l v e r  b u t  a r e  u n c e r t a i n  about whether s o l i d s  w i l l  a l s o  accumu- 
l a t e  i n  commercial d i s s o l v e r s ,  which operate a t  h ighe r  v e l o c i t i e s .  

Commercial d i s s o l v e r  designs propose gas and s l u r r y  v e l o c i t i e s  about 10 t imes 
g r e a t e r  than those a t  W i l s o n v i l l e ,  v e l o c i t i e s  t h a t  would impede s o l i d s  f rom accumu- 
l a t i n g .  Moreover, any s o l i d s  t h a t  d i d  b u i l d  up would c o n s i s t  of l a r g e r  p a r t i c l e s  
than those a t  W i l s o n v i l l e ;  l a r g e r  s o l i d s  would l e a d  t o  l e s s  a c t i v i t y  p e r  weight  due 
t o  l e s s  sur face  area exposed. 

No c l e a r  exper imenta l  da ta  e x i s t  t o  e s t a b l i s h  t h e  e f f e c t s  o f  t h e  accumulated 
s o l i d s .  I f  they  have no e f f e c t ,  t h e  commercial scale-up problem i s  s t r a i g h t f o r w a r d .  
I f ,  however, t hey  do have a c a t a l y t i c  e f f e c t  on coa l  convers ion by augmenting the  
r e a c t i o n ,  then t h a t  e f f e c t  should be q u a n t i f i e d  i n  o rde r  t o  determine t h e  dimensions 
and des ign o f  commercial d i sso l ve rs .  I n t e r n a t i o n a l  Coal R e f i n i n g  Co. ( I C R C )  
suspects t h a t ,  w i t h o u t  p o s s i b l e  c a t a l y t i c  e f f e c t s  due t o  t h e  s o l i d s ,  t h e  y i e l d s  o f  
l i g h t e r  coa l  l i q u i d  p roduc ts  may decrease. 

To so lve  t h i s  problem, I C R C  has been adding s o l i d s  t o  t h e  feed s l u r r y ,  c o a l  and 
so l ven t ,  t o  t h e  cont inuous s t i r r e d  t a n k  r e a c t o r  (CSTR) o f  i t s  coa l  process develop- 
ment u n i t  (CPDU). Ac tua l  W i l s o n v i l l e  d i s s o l v e r  s o l i d s  were unava i l ab le  because 
W i l s o n v i l l e  now operates i n  a so l i ds -w i thd rawa l  mode, and n e i t h e r  W i l s o n v i l l e  nor 
I C R C  cou ld  produce enough washed and d r i e d  s o l i d s  f rom t h e  ve ry  d i l u t e  blowdown 
s l u r r y .  Therefore,  W i l s o n v i l l e  f i l t e r  cake and Kerr-McGee ash concentrate (K-MAC) 
were used t o  s imu la te  d i s s o l v e r  s o l i d s .  S i m i l a r  r e s u l t s  were a n t i c i p a t e d ,  because 
bo th  should con ta in  t h e  same m ine ra l  forms, p y r r h o t i t e  r a t h e r  than  p y r i t e  and par -  
t i a l l y  dewatered c lay .  However, f i l t e r  cake and, p a r t i c u l a r l y ,  K-MAC c o n t a i n  more 
r e a c t i v e  carbon compounds, unconverted coa l  and SRC, t han  t r u e  d i s s o l v e r  so l i ds .  
Therefore,  convers ion o f  these r e a c t i v e  m a t e r i a l s  must be accounted f o r  when c a l -  
c u l a t i n g  n e t  p roduc t  y i e l d s  and k i n e t i c  cons tan ts .  

D i f f i c u l t i e s  assoc ia ted  w i t h  pumping and p rocess ing  feed s l u r r i e s  con ta in ing  
more than 45 w t  % s o l i d s  l i m i t  r es idue  concen t ra t i ons  t o  15 w t  % maximum added t o  
30 w t  % coa l  s l u r r y .  T h y ,  whereas s o l i d s  i n  t h e  W i l s o n v i l l e  d i s s o l v e r  a re  commonly 
found a t  t h e  20-3Q l b / f t  l e v e l  o r  h igher ,  i n  t h e  CPDU t h e  maximum concen t ra t i on  i s  
about 10-15 l b / f t  . 

EXPERIMENTAL PROGRAM 

M a t e r i a l s  
The 

f i l t e r  cake and K-MAC a r e  t h e  m i n e r a l - r i c h  res idues f rom p rocess ing  d i f f e r e n t  Ken- 
tucky  #9 coa ls  i n  W i l s o n v i l l e  runs 175 and 167, r e s p e c t i v e l y .  Table 2 compares the 
composi t ion o f  these res idues t o  t h a t  o f  a t y p i c a l  d i s s o l v e r  s o l i d s  sample taken 
from W i l s o n v i l l e  r u n  204. Al though t h e  f i l t e r  cake and d i s s o l v e r  s o l i d s  have 
s i m i l a r  t o t a l  ash con ten t ,  t h e  d i s s o l v e r  s o l i d s  c o n t a i n  over  t h r e e  t imes as much 
i r o n .  K-MAC con ta ins  rough ly  h a l f  t h e  ash i n  t h e  o t h e r  res idues  due t o  i t s  very 
l a r g e  preasphal tene conten t .  

The so l ven t  i s  W i l s o n v i l l e  process s o l v e n t  (WPS) f rom r u n  179. It i s  a re la -  
t i v e l y  good hydrogen-donor so l ven t ,  based upon r e s u l t s  o f  t h e  W i l s o n v i l l e  microauto- 
c lave  t e s t  o f  s o l v e n t  q u a l i t y ,  which conver ted 74 w t  % o f  a s tandard coa l  t o  t e t r a -  
hydrofuran-so lub le p roduc ts .  

The coa l  i s  Kentucky #9 coa l  f rom t h e  Pyro mine i n  Union County (Table 1). 
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Reaction Conditions 
The feed slurries consisted of 30% coal/70% WPS; 20% coal/l5% filter cake/45% 

WPS and; 30% coal/l5% K-MAC/45% WPS. Each slurry was processed at demonstration- 
plgpt design conditions: 2,000 psig, 84OoF, liquid hourly space velocity of 1 . 4  
hr , and a hydrogen feed rate equal to 3 wt % of the total slurry feed. Feed 
slurries of 30% coa1/70% WPS and 20% coal/l5% filter cake/45% WPS were also pro- 
cessed at reaction temperatures of .815 and 865OF, in order to calculate activation 
energies for the coal conversion reactions. 

Analytical Procedures 
The solvent-extraction procedure of Schweighardt and Thames (1) separates 

starting solvent and product slurry samples into oil, asphaltene, preasphaltene, and 
residue fractions. Each fraction was analyzed for C, H, 0, N,  S ,  and ash to compute 
elemental balances and the hydrogen gas consumption. The quantity of residue in the 
product was adjusted to force the ash balance to equal 100%; these adjustments were 
minor, because the uncorrected ash balances were generally excellent. 

Statistical Analysis of Results 
Experimentally observed effects of adding filter cake or K-MAC to the feed 

slurry were evaluated with the Student t-test to determine if the effects were 
statistically significant at the 95% confidence level. Replicate analyses of the 
samples discussed in this report, as well as previous samples (Z), were used to 
compute an estimated variance for each analysis. Because most variances were based 
on only 12-17 degrees of freedom, the Student t-test was used to evaluate the 
statistical significance of the experimental results. 

Results 
Because the residue additives contain SRC and unconverted coal in addition to 

potentially catalytic coal minerals, they could affect net product yields by 
entering the coal conversion reactions as either reactants or catalysts. Either 
mechanism enhances the oil and asphaltene yields and would be valuable to later SRC 
processes that recycle residue to the feed slurry. However, dissolver solids, which 
contain no reactive carbon, influence coal conversion only if the coal minerals are 
catalytic. To differentiate between the catalytic and reactant effects of the 
residues, first-order kinetic rate constants, based upon the assumed sequential 
reaction, were calculated: 

kl k2 k3 k4 
coal -t preasphaltene + asphaltene -t oil + hydrocarbon gas 

This simple model correlates past data as well as more complex models with parallel 
reaction paths. 

Effect of Adding Slurry at Demonstration-Plant Conditions 
Table 3 summarizes all data points in the study; the base condition without 

added residue was run twice, but the cases with added filter cake and K-MAC were run 
three times. The mean of the data values for each case is shown in Table 3a. 
Differences from the base case that are statistically significant at a 95% confi- 
dence level are underscored. In calculating the yield, the residue additives are 
treated as nonreactants, i.e., the yield of a species is calculated as the dif- 
ference in percent of product minus percent of feed, divided by the percent of coal 
in the feed. 

The combined net yield of the most desirable pro- 
ducts, oils and asphaltenes, increased by 11 wt % moisture-and-ash-free (MAF) coal 
when 25 wt % filter cake was added and by 24 wt % MAF when an equal quantity of 
K-MAC was added. Both additives significantly reduced the net preasphaltene yield. 
K-MAC, but not filter cake, significantly reduced the net residue yield. Although 

Effect Upon Product Slate. 



both  a d d i t i v e s  improved o i l  y i e l d ,  t h i s  change was s t a t i s t i c a l l y  i n s i g n i f i c a n t .  
N e i t h e r  a d d i t i v e  increased t h e  y i e l d  o f  hydrocarbon gases. 

E f f e c t  Upon K i n e t i c  Rate Constants. Adding f i l t e r  cake caused a s t a t i s t i c a l l y  
s i g n i f i c a n t  inc rease i n  k , t h e  k i n e t i c  consta_lt f o r  c o n v e r t i n g  preasphal tenes t o  
asphaltenes. The i n c r e a s l  from 2 .7  t o  4.2 h r  i s  more than 50%. Adding K-MAC 
increased t h e  r e a c t i o n  r a t e ,  b u t  n o t  enough t o  be s t a t i s t i c a l l y  s i g n i f i c a n t .  The 
l e s s e r  c a t a l y t i c  a c t i v i t y  of K-MAC i s  reasonable, because K-MAC has h a l f  t h e  minera l  
con ten t  o f  f i l t e r  cake, and p e t r o g r a p h i c  analyses revea l  most o f  t h e  mineral  surface 
area i n  t h e  K-MAC i s  covered by preasphal tenes. 

These r e s u l t s  i n d i c a t e  t h a t  coa l  minera ls  i n  f i l t e r  cake and K-MAC do n o t  
c a t a l y z e  t h e  conversion t o  l i g h t e r  p roduc ts  o f  coa l  o r  o i l .  

E f f e c t  Upon Hydrogen Consumption. A t  t h e  S R C - I  Demonstrat ion P lan t ,  process 
s o l v e n t  w i l l  be d i s t i l l e d  from r e a c t i o n  produc ts  and c o n t i n u o u s l y  recyc led ,  so t h a t  
t h e  so lvents  i n  t h e  feed and produc t  s l u r r i e s  have i d e n t i c a l  composi t ion.  The t o t a l  
hydrogen consumed by coa l  conversions must equal t h e  amounts o f  hydrogen gas con- 
sumed. This theory  i s  n o t  t r u e  i n  CPDU experiments, because s o l v e n t  i s  n o t  r e c y c l e d  
and t h e r e f o r e ,  may be a n e t  donor o r  consumer o f  hydrogen. 

When res idue i s  n o t  added t o  t h e  feed, hydrogen c o n t e n t  i n  t h e  s o l v e n t  drops 
from 8.2 t o  7.9% d u r i n g  r e a c t i o n .  N e a r l y  h a l f  t h e  t o t a l  hydrogen consumed i n  con- 
v e r t i n g  coa l ,  1 .8  w t  % MAF, was drawn from t h e  s o l v e n t ' s  hydrogen. Adding f i l t e r  
cake o r  K-MAC t o  t h e  feed main ta ined o r  inc reased t h e  s o l v e n t ' s  hydrogen content 
d u r i n g  t h e  r e a c t i o n .  

F i l t e r  cake and K-MAC promote hydrogen gas consumption, presumably by cata- 
l y z i n g  so lvent  hydrogenation. Hydrogen gas consumption increases from 1 w t  % MAF 
w i t h  no a d d i t i v e  t o  2.3 and 2.5 w t  % MAF, i f  K-MAC and f i l t e r  cake a r e  added, 
r e s p e c t i v e l y .  These changes a r e  t w i c e  as l a r g e  as necessary t o  be s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  a 95% conf idence l e v e l .  

The t o t a l  hydrogen consumed i n  coa l  convers ion  i s  t h e  sum o f  hydrogen gas 
consumption p l u s  t h e  n e t  l o s s  o f  hydrogen by t h e  s o l v e n t ,  expressed as % MAF/coal. 
T o t a l  hydrogen consumption inc reased from 1 .8  t o  2.3 w t  % MAF when e i t h e r  residue 
was added. Th is  change i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  

E f f e c t  o f  React ion Temperature 
L i q u e f y i n g  30% coal/70% WPS and 30% c o a l / l 5 %  f i l t e r  cake/55% WPS was evaluated 

a t  reac t ion-  temperatures o f  815, 840, 865OF; a l l  o t h e r  process c o n d i t i o n s  were f i x e d  
a t  demonst ra t ion-p lan t  c o n d i t i o n s .  Table 4 summarizes t h e  r e s u l t s .  

E f f e c t  Upon Product S la te .  Higher r e a c t i o n  temperatures inc rease o i l  y i e l d s ,  
w i t h  o r  w i t h o u t  f i l t e r  cake. However, t h e  change i s  s t a t i s t i c a l l y  s i g n i f i c a n t  on ly  
w i t h  added f i l t e r  cake. Higher r e a c t i o n  temperature s i g n i f i c a n t l y  reduces preas- 
pha l tene y i e l d ,  i n  s p i t e  whether f i l t e r  cake i s  added. Coking seems n o t  t o  be a 
problem a t  r e a c t i o n  temperatures o f  up t o  865OF, because t h e  lowest  res idue y i e l d s  
occurred a t  t h e  h o t t e s t  r e a c t i o n  temperature. These r e p o r t e d  d i f f e r e n c e s  i n  residue 
y i e l d  a re  i n s i g n i f i c a n t  a t  a 95% conf idence l e v e l .  

A t  each r e a c t i o n  temperature, adding f i l t e r  cake inc reased o i l  y i e l d  and 
reduced preasphal tene and res idue y i e l d s .  Hydrocarbon gas y i e l d  remained unaf fec ted  
by adding f i l t e r  cake. 

E f f e c t  Upon Hydrogen Consumption. As r e a c t i o n  temperature increases, bo th  
hydrogen gas consumption and t h e  t o t a l  hydrogen consumed i n  coa l  conversions i n -  
crease. However, hydrogen consumption seems l e s s  a f f e c t e d  by r e a c t i o n  temperature, 
i f  f i l t e r  cake i s  added. 

E f fec t  Upon K i n e t i c  Constants. Adding f i l t e r  cake inc reases  t h e  k i n e t i c  r a t e  
cons tan t  f o r  preasphal tene conversion, k2, a t  each r e a c t i o n  temperature. I n  addi-  
t i o n ,  i t  lowers t h e  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n :  

k2 (no f i l t e r  cake) = 1 . 5  x 

k2 ( f i l t e r  cake) = 8 x 

exp (-20,20O/T) 

exp (-12,90O/T) 
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I n  these equat ions,  t h e  temperature i s  measured i n  degrees Rankine. 
For  asphal tene conversion, t h e  k i n e t i c  cons tan t ,  k , i s  rough ly  20% g rea te r  a t  

each temperature when f i l t e r  cake i s  added. However, t h 2  a c t i v a t i o n  energy i s  about 
52,500 Btu/lb-mol; i n  s p i t e  o f  whether f i l t e r  cake i s  added. The increase i n  k3 i s  
s t a t i s t i c a l l y  s i g n i f i c a n t  o n l y  a t  an 80-90% conf idence l e v e l .  

A c t i v a t i o n  energy f o r  c r a c k i n g  o i l s  t o  hydrocarbon gas i s  about 77,000 Btu / lb -  
mol,  w i thou t  adding f i l t e r  cake; however, when f i l t e r  cake was added t h e  a c t i v a t i o n  
energy was n o t  ca l cu la ted ,  because t h e  data a t  815OF seemed wrong. 

CONCLUSIONS 

F i l t e r  cake ca ta l yzes  preasphal tene convers ion and process-so lvent  hydrogena- 
t i o n .  The k i n e t i c  r a t e  cons tan t  f o r  preasphal tene convers ion increased by  50%; 
hydrogen gas consumption i nc reased  by  a f a c t o r  o f  2.5. These changes a r e  s t a t i s -  
t i c a l l y  s i g n i f i c a n t  a t  a 95% con f idence  l e v e l .  Weaker evidence suggests f i l t e r  cake 
may ca ta l yze  asphal tene conversion. Kerr-McGee ash concentrate i s  l e s s  c a t a l y t i c  
t han  f i l t e r  cake, apparen t l y  because i t  con ta ins  fewer coa l  m ine ra l s  than f i l t e r  
cake, and preasphal tenes cover  most o f  i t s  m ine ra l  sur face .  Resul ts  o f  these 
analyses i n d i c a t e  t h a t  d i s s o l v e r  s o l i d s  a r e  c a t a l y s t s  i n  t h e  S R C - I  process and may 
be more a c t i v e  p e r  u n i t  mass t h a n  f i l t e r  cake o r  K-MAC. 

F i l t e r  cake and K-MAC c o n t a i n  SRC'  and unconverted coa l  t h a t  w i l l  r e a c t  i n  the  
d i s s o l v e r .  A second-generat ion SRC process t h a t  recyc les  f i l t e r  cake o r  K-MAC cou ld  
improve coa l  convers ion and reduce SRC l o s t  t o  t h e  ash res idue.  These improvements 
can be made w i t h o u t  i nc reas ing  gas by-products o r  reduc ing  e f f i c i e n t  hydrogen con- 
sump t i on. 
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